Pitch is a percept of sound that is based in part on fundamental frequency. Although pitch can be defined in a way that is clearly separable from other aspects of musical sounds, such as timbre, the perception of pitch is not a simple topic. Despite this, studying pitch separately from other aspects of sound has led to some interesting conclusions about how humans and other animals process acoustic signals. It turns out that pitch perception in humans is based on an assessment of pitch height, pitch chroma, relative pitch, and grouping principles. How pitch is broken down depends largely on the context. Most, if not all, of these principles appear to also be used by other species, but when and how accurately they are used varies across species and context. Studying how other animals compare to humans in their pitch abilities is partially a reevaluation of what we know about humans by considering ourselves in a biological context.
Introduction
Music is found in all human cultures and, much like language, there are universals in musical systems across cultures (Brown & Jordania, 2011) . Because music appears to be part of what it means to be human, it follows that researchers have become interested in the biology of music: What is it about human biology that causes us to have music (Fitch, 2006; Patel, 2003) ? One way to shed light on this question is to compare humans to other species. Comparative studies have suggested that many abilities found in humans that relate to our passion for music are not unique to our species (Hoeschele, Merchant, Kikuchi, Hattori, & ten Cate, 2015) .
Because human music is also influenced greatly by the general human trait of complex cultural evolution, sometimes the complexity of present-day music is taken as a sign that human music is quite unlike anything that other species produce. However, the universals we find across cultures, such as discrete pitches and the use of pitch intervals with simple interval ratios (Brown & Jordania, 2011; Burns, 1981; Carterette & Kendall, 1999) , are sometimes also found in isolation in other species (e.g., Cator, Arthur, Harrington, & Hoy, 2009; Doolittle & Brumm, 2013; Doolittle, Gingras, Endres, & Fitch, 2014) . Because pitch plays a central role in the discussion of human music universals, it is the focus of the current special issue on animal music perception (see preface in this issue for an introduction).
Pitch is a percept of sound that is correlated with fundamental frequency (Dowling & Harwood, 1986 ). When we describe human female voices as being "higher" than male voices, or a melody going "up" and "down," we are talking about changes in pitch. Pitch is a very important attribute of sound that carries information in human speech, human music, and the vocalizations of many nonhuman species (Doupe & Kuhl, 1999; Rothenberg, Roeske, Voss, Naguib, & Tchernichovski, 2014) . Pitch information transmitted by animal species is sometimes based in physical acoustics. For example, larger objects tend to make lower pitched sounds, and animals have been shown to exploit this fact in order to sound larger (Fitch & Hauser, 2003) . Pitch information can also be learned, such as the role of pitch the Vietnamese word môt, which can mean either "trendy" or "one" based on the pitch inflection (Kim et al., 2016) .
It is important that we disambiguate pitch from timbre, both of which are based on the spectral properties of a sound. Whereas pitch is correlated with the fundamental frequency of a sound, timbre is derived from the rest of the spectral information (Dowling & Harwood, 1986) . Timbre gives sound its quality, for example, the difference between the same note played on the piano and on the violin. A piano and a violin following the same note pattern on sheet music are playing the same pitches but not the same timbre. As one can see from this example, in music pitch and timbre are clearly separated. The notes written on sheet music are pitch, whereas the expression and instrumentation of this sheet music is the timbre.
Because of this definitional distinction between pitch and timbre, it is often taken for granted that humans also perceive these two aspects of sound as distinct. In some sense, this is true. For example, the tune "Happy Birthday" is recognizable whether it's being hummed or whether it's being played by a violin. As such, timbre has been referred to as a "surface feature" rather than a deeper structural feature of music (e.g., Halpern & Müllensiefen, 2008; Schellenberg, Stanlinski, & Marks, 2013; Warker & Halpern, 2005) . However, we know that timbre contributes to how pitch information is processed (Lange & Czernochowski, 2013; Weiss, Vanzella, Schellenberg, & Trehub, 2015) . In addition, it is so difficult to extract pitch information from a recording of modern music that there is so far no trusted algorithm to do so (Benetos, Dixon, Giannoulis, & Kirchhoff, 2013) . Instead, researchers analyzing pitch in music rely heavily on transcriptions of the music into musical notation by expert human listeners, such as the McGill billboard project (Burgoyne, Wild, & Fijinaga, 2011) . As pitch transcription in songs that have many instruments is extremely difficult and sometimes even impossible for expert listeners (Klapuri & Davy, 2006) , it is very unlikely that the average human listener can always clearly separate pitch and timbre in the music they encounter.
Despite this, focusing on pitch in isolation is a good starting place to begin to understand how pitch information is used across species. Outside of the complex music we listen to today, the individual vocal signals we encounter have much simpler pitch information. In speech, pitch alone can change both emotional and semantic information (Bowling, Gill, Choi, Prinz, & Purves, 2010; Curtis & Bharucha, 2010; Filippi, 2016) . In addition, there is evidence that both mammalian and avian species perceive fundamental frequency (the acoustic correlate of pitch) even if it has been removed from the signal (Cynx & Shapiro, 1986; Heffner & Whitfield, 1976; Tomlinson & Schwarz, 1988) , an ability already present in human infants (Lau & Werner, 2012) . This ability to break down acoustic stimuli to assess fundamental frequency allows animals to parse pitch information even in signals where the lower frequencies are lost or masked. A common example of this ability being put to use is found in humans: We are able to recognize the low pitch of a male voice over the phone, even though the lower frequencies that distinguish the male voice from female have been lost in the transmission process.
Another reason to study pitch separately from timbre is that pitch perception is quite complicated, even in humans. From our initial description just presented, one might imagine that pitch perception is simply the ability to identify a 220 Hz tone as 220 Hz and a 440 Hz tone as 440 Hz. However, humans are typically quite poor at this. Instead, we might treat these two notes as the same note, because they are harmonically related. Harmonics are overtones that occur at integer multiples of the fundamental frequency. Because 440 Hz is an integer multiple of 220 Hz (2×) it is also a naturally occurring harmonic of 220 Hz. We also might assess two notes in a relative way: 440 Hz is higher than 220 Hz by 12 semitones, which sounds similar to notes separated by a distance of 11 or 13 semitones. Relative assessments can get more complicated still: We might say the ratio of 220 to 440 Hz is 1:2, a simple ratio, which sounds similar to other simple ratios such as 2:3, which are only seven VOLUME 12, 2017 special issue animal music perception semitones apart. With all these different ways of assessing pitch, there is no simple answer as to how a pattern of notes will be perceived even in our own species. Next I discuss each of these methods of assessing pitch in more depth and outline what we know about each of them across species. Finally, I discuss where the combined results suggest we should go in future research.
Absolute Pitch
What Is Absolute Pitch?
In music, absolute pitch (also known as "perfect pitch") refers to the ability to identify a musical note without an external reference, for example, identifying 220 Hz or 440 Hz as an "A" note. This is a rare ability that has been said to occur in as few as one in 10,000 people (Bachem, 1955) . People are typically defined as either having absolute pitch or not having it. When we are just discussing our own species, separating humans into these two groups makes a lot of sense because the ability does appear to be mostly categorical, not continuous (Athos et al., 2007) , at least when it comes to generalization across timbres (Baharloo, Johnston, Service, Gitschier, & Freimer, 1998; Lockhead & Byrd, 1981) .
However, the story changes when we consider our species in context with other species. Do people who lack musical absolute pitch as just described have no sense of absolute pitch at all? A quick thought experiment makes it clear that the answer is "no." Absolute pitch is the first piece of information we use to discriminate male and female voices (Latinus & Taylor, 2012) . And when asked to sing a popular recorded song, about two thirds of participants reproduced the absolute pitches from the recording fairly accurately (within two semitones) without prompting (Levitin, 1994) . People are also quite good at identifying frequency shifted versions of a melody they know well (Schellenberg & Trehub, 2003) . Tones heard frequently, such as a dial tone on a home phone line, are also recognized at their normal pitch (Smith & Schmuckler, 2008) . The majority of humans are simply not accurate enough as absolute pitch assessors to label specific musical notes.
Pioneering work by Stewart Hulse and colleagues showed that several avian species appear to be quite different from humans in their perception of both absolute and relative pitch (Hulse, Bernard, & Braaten, 1995; Hulse & Cynx, 1985 Hulse, Cynx, & Humpal, 1984; MacDougall-Shackleton & Hulse, 1996; Page, Hulse, & Cynx, 1989) . In response to this work, Ron Weisman and many colleagues (Friedrich, Zentall, & Weisman, 2007; Lee, Charrier, Bloomfield, Weisman, & Sturdy, 2006; Weisman et al., 2010; Weisman, Balkwill, Hoeschele, Moscicki, & Sturdy, 2012) systematically assessed the absolute pitch abilities of humans and other mammalian and avian species when presented with tones using a simple operant conditioning task. The animals were rewarded for responding to some tones but not to other tones. The tones were divided into either three or eight frequency ranges of alternating reward contingency: For example, the lowest frequencies might be unrewarded, followed by a rewarded range, followed by unrewarded, and so on. Overall, the studies showed that the majority of humans and rats (Rattus norvegicus) were able to solve a three-range task but failed at an eight-range task, pigeons did a little better showing some success at the eight-range task, whereas several vocal learning bird species were able to solve both tasks with high accuracy (Weisman, Mewhort, Hoeschele, & Sturdy, 2012) .
The preceding data, with highly comparable methodology across species, makes the story we can tell about absolute pitch seem quite simple: Overall, mammals are less accurate relative to birds, especially birds that are vocal learners. However, it is difficult to draw such a sweeping conclusion from so few species, especially when we have not fully considered what we know about humans. What about those humans with musical absolute pitch abilities? Have we really told the whole story about humans relative to other species without taking these exceptions into account? It turns out humans with musical absolute pitch do very well at this task, and approach the level of discrimination that some of the birds had. However, they make some very striking errors, responding at chance level to some tones in the middle of a reinforced range (Weisman et al., 2010) . These data made it clear that there was more to the absolute pitch story than we had initially anticipated.
Pitch Height versus Pitch Chroma
The initial work spearheaded by Ron Weisman focused on treating the perception of pitch much like how we assess most other stimuli that range in some continuous parameter such as size, brightness, loudness, and so forth: according to Weber's law. Weber's law is quite intuitive in many cases. If we compare a set of two objects to a set of three objects, it is easy to identify that the second set contains more objects. Whereas, if we compare a set of 100 objects to a set of 101 objects, it may be difficult to tell which set is larger even though both set comparisons involve adding one additional element. Pitch height is the perception of pitch according to Weber's law alone, where we perceive differences in frequency on a log linear scale.
Pitch chroma, by contrast, is what caused the humans with musical absolute pitch to make errors in the eight-range discrimination task, just described (Weisman et al., 2010) . It is a circular way of perceiving pitch, where pitch repeats each time frequency doubles. For example, in Western music, if we begin on an A note on the piano and ascend the keyboard labeling the note of each key we pass, after 12 notes we have another A note and the pattern repeats. Each repetition is referred to as an "octave." In the range discrimination task, our participants treated tones that were double the frequency of other tones as the same tone. In other words, an A note was always an A note, regardless of its frequency. In cases where tones separated by an octave were reinforced differentially, participants were more likely to make errors. In other words, they were perceiving pitch in a circular fashion. Their absolute perception of pitch turned out to be more complicated than simply log linear. It repeated each time frequency doubled.
It appears that all humans, including those with musical absolute pitch, have a weak sense of pitch height. In the human range experiments, musical absolute pitch was identified in participants by a standardized test of musical absolute pitch (Athos et al., 2007) . In the test, participants were required to name the note that they heard and indicate the octave that the note came from. Octaves were labeled with numbers 1 to 6, and we reminded all participants that the fourth octave is where one can find "middle C" on the piano. We found that when it came to labeling what octave a note came from, participants with absolute pitch were no better than participants without absolute pitch (Weisman et al., 2010) . It turns out that this is a commonly observed phenomenon: Humans with musical absolute pitch do not have better pitch height judgments than those without musical absolute pitch (Carroll, 1975; Deutsch & Henthorn, 2004; Lockhead & Byrd, 1981; Miyazaki, 1988 Miyazaki, , 1989 Takeuchi & Hulse, 1993) . Now it was clear that all humans share a roughly similar ability to assess pitch height, regardless of whether they had musical absolute pitch. People with musical absolute pitch relied on their perception of pitch chroma to solve an absolute pitch task designed to assess pitch height perception. Our next question concerned human participants without musical absolute pitch: Did they also hear pitch chroma and were just not as accurate at identifying it? There is some evidence that all humans attend to pitch chroma. Given how poor humans are at pitch height but how well humans do at recognizing and producing familiar melodies and notes at their normal pitch (Levitin, 1994; Schellenberg & Trehub, 2003; Smith & Schmuckler, 2008) , it is possible that they are using pitch chroma to solve these tasks. Humans also appear to remember pitch chroma based on how their own voice and dialect make use of it (Deutsch, 1991) . It seems that all humans have some level of implicit pitch chroma perception, but it does not typically present itself outside of context. How, then, can we study it in other species?
Before turning to other species, it is important to discuss pitch chroma in more detail, because it otherwise may sound like an arbitrary phenomenon that we should not expect to find in other species. Pitches with the same chroma but different pitch height are separated by one or more octaves. A note and its octave have an integer ratio of 1:2, the simplest ratio outside of unison (1:1). Octaves are found in the harmonics of natural vocalizations. The harmonics found in vocalizations are integer multiples of the fundamental frequency. Because of this, the relationship between the first harmonic of an acoustic signal and its fundamental frequency is always an octave. Many of the other harmonics also have octave relationships to the fundamental frequency. See Figure 1 for a visual depiction of this information. It is common in the human literature to talk about how the octave is "special" and how humans treat notes separated by an octave as being the same. In some sense it is clear that this is the case. When humans with different vocal ranges sing together, such as a child and his or her father, they are said to be singing the "same thing" when they match chroma even if they are singing in different octaves. This may seem like an arbitrary convention, but in fact it makes a lot of sense when one considers the acoustic signal. On average, human male and female voices are roughly an octave apart (Titze, 2000) . It is therefore natural to produce vocalizations separated by an octave. Also, because the octave has a simple acoustic relationship naturally found within harmonics, octave transposition of the fundamental frequency produces the closest harmonic match to the original signal (other than reproducing the same fundamental frequency; see Figure 1 ). As an imitating species in which individuals have different vocal ranges, it makes a lot of sense for humans to utilize the properties of the octave to approximate the vocal sound they are trying to imitate. This separation in vocal range among humans may thus underlie why the octave is "special" in our species.
Even though the octave plays an important role cross-culturally in vocal production and musical theory, VOLUME 12, 2017 special issue animal music perception perceptual evidence of the related chroma phenomenon in humans is difficult to find. Although several tests have been developed to test humans for accurate pitch chroma perception without musical training (Ross, Olson, Marks, & Gore, 2004; Weisman, Balkwill, et al., 2012) , most humans do fairly poorly at these tasks. In addition, when asked to rate the similarity between two notes, human participants tend to focus on differences in pitch height rather than chroma, especially nonmusicians (Allen, 1967; Krumhansl & Shepard, 1979) . However, if participants were given options only with similar chroma, not pitch height (e.g., rating the similarity of notes that were either an octave apart or almost an octave apart), only then would they attend to pitch chroma (Kallman, 1982) . A study with rats showed that the rats generalize across octaves (Blackwell & Schlosberg, 1943 ), but it was later criticized for not controlling for harmonics that would have included octave information (Burns, 1999) . One study showed evidence that rhesus monkeys (Macaca mulatta) attend to octaves when recognizing melodies (Wright, Rivera, Hulse, Shyan, & Neiworth, 2000) . Another study showed that European starlings (Sturnus vulgaris) do not show octave equivalence (Cynx, 1993) . However, the design used was much like the human studies that failed to show chroma perception (Allen, 1967; Kallman, 1982; Krumhansl & Shepard, 1979) . Later, my colleagues and I showed that, indeed, humans also fail at the task that was used with this species, also relying on pitch height rather than pitch chroma , much like humans in previous studies. As a response to this literature, we designed our own octave perception task using a similar three-range operant conditioning task to the ones used to test for pitch height by Weisman and colleagues. Here we trained participants to differentially respond to notes presented in one octave and then tested them in a different octave to avoid pitch height effects as much as possible. We were successfully able to Figure 1 . The pitch interval with the greatest harmonic overlap (outside of unison) is the octave. Here we demonstrate this with an example using 220 Hz (A3) and 440 Hz (A4). The upper portion of the figure shows the fundamental (F0) and first eight harmonics (F1-F8) of both 220 Hz and 440 Hz side by side. Below, the fundamental frequencies are displayed on their own as sinewaves to show the simplicity of the ratio between them that allows them to be heard as one sound by a listener as they pulse in time with each other.
hearing but instead could tell you the direction of pitch change (up or down; McDermott, Keebler, Micheyl, & Oxenham, 2010) , and people can be easily trained (normally through musical training) to identify the size of the interval (e.g., perfect fourth). This comparison of pitches is known as relative pitch. Comparing the pitches of notes allows us to recognize a tune, such as "Happy Birthday," even when it begins on a different note.
Although relative pitch is thought to be quite critical to the human musical capacity, it seems on the surface to be somewhat limited in other species. Songbird species that were trained to identify note patterns of two or more notes (such as patterns that were ascending rather than descending in frequency) tended to rely on the absolute frequencies and their positions within the pattern to learn the task (Hulse & Cynx, 1985 Hulse, Cynx, & Humpal, 1984; MacDougall-Shackleton & Hulse, 1996; Njegovan & Weisman, 1997; Page et al., 1989; Weisman, Njegovan, & Ito, 1994) . When presented with new patterns that followed the same relative pitch rule but at a novel absolute pitch, the birds needed to be retrained to respond appropriately if the notes fell outside of the training range (Hulse & Cynx, 1985) . However, the birds did use the relative pitch information to some degree, by applying a relative rule to transpositions that were within the training range (Hulse & Cynx, 1985) and, for example, learning an absolute pitch task when they were provided with additional relative pitch information more quickly than the same task without relative pitch information (Njegovan & Weisman, 1997) . Similar work with a dolphin showed that the dolphin was able to learn a relative pitch rule and generalize this rule to novel stimuli with different absolute pitches after extensive training (Ralston & Herman, 1995) .
The work just outlined might suggest that relative pitch information is not normally encoded by nonhuman animals. However, additional studies make this conclusion unlikely. For example, by making sure that absolute and relative pitch were not in conflict with one another, researchers showed that starlings would encode both absolute and relative pitch in ascending and descending note patterns (MacDougall-Shackleton & Hulse, 1996) . In addition, other work suggests that relative pitch is used quite readily by nonhuman species with other types of stimuli. When notes are presented simultaneously, rather than sequentially, several mammalian and avian species have been shown to be able to learn relative pitch rules (Brooks & Cook, 2010; Hulse et al., 1995; Izumi, 2000; Watanabe, Uozumi, & Tanaka, 2005) . It is unclear why this is the case, but show attention to chroma by even nonmusician humans in this task . A followup study with chickadees (Poecile atricapillus) showed that this songbird did not appear to attend to chroma in this same task (Hoeschele, Weisman, Guillette, Hahn, & Sturdy, 2013) . Thus, to date, only the more closely related rhesus monkey has been shown in a perceptual task to attend to the octave as humans do, but little work has been conducted on this topic.
As humans readily show octave generalization in their vocal production, it may make more sense to study the vocal production of other species. There is some evidence that other species also attend to harmonic structure when producing pitch. A dolphin (Tursiops truncatus) trained to imitate sounds was able to octave transpose sound outside her preferred range (Richards, Wolz, & Herman, 1984) . In addition, both hermit thrushes (Catharus guttatus; Doolittle et al., 2014) and musician wrens (Cyphorhinus arada; Doolittle & Brumm, 2013) tend to sing intervals with small integer ratios, including the octave ratio of 1:2 and other ratios found within the harmonic series such as 2:3 (perfect fifth). A study with great tits (Parus major) showed that male dominance is correlated with their ability to produce simple ratios in their song (Richner, 2016) . Another study with a mosquito species (Aedes aegypti) showed that males and females matched the harmonics of their flight tones to perform a courtship duet in a simple ratio of 2:3 (Cator et al., 2009 ). This suggests that the simple harmonic relation between a note and its octave, but also between a note and other harmonics, may contribute to how some animals produce acoustic signals. Although very few species have been shown to use simple ratios to date, it is unclear yet whether the use of simple ratios is uncommon or simply undiscovered. Further study of the natural vocalizations and imitation abilities of other species may thus help us answer whether the octave and other simple integer ratios is important to other species. Perhaps imitating species with different vocal ranges, like humans, are especially likely to attend to the octave relationship.
Relative Pitch What Is Relative Pitch?
Except for people with musical absolute pitch, our absolute pitch abilities are not fine enough to assess the more subtle differences among notes in music. When hearing an A note followed by a D note, the majority of people would not be able to identify the notes they are VOLUME 12, 2017 special issue animal music perception of pitch change is important. In stress-timed languages, including English and German, listeners often attend primarily to relative pitch to identify stress (e.g., Kohler, 2012) . In tonal languages, such as Mandarin and Vietnamese, the direction of pitch change within a word can change its meaning (Kim et al., 2016) . It has recently been shown that both zebra finches (Spierings & ten Cate, 2014) and budgerigars (Hoeschele & Fitch, 2016 ) also attend to pitch information when identifying stress patterns in human speech.
Relative pitch may be used more generally to group stimuli. For example, when humans hear a repeating pattern of two notes that differ only in frequency, they will group the notes so that the note higher in pitch comes first. This is part of what's known as the iambictrochaic law (Bolton, 1894) . There is evidence that, at least as far as pitch is concerned, the iambic-trochaic law applies to several other species, including rats (de la Mora, Nespor, & Toro, 2013) and zebra finches (Spierings, Hubert, & ten Cate, in press) as well. Because other species group patterns based on pitch alone, similar to humans, it appears that nonhuman animals are listening to and processing relative pitch information.
In other cases, the size of an interval is important. Depending on the size of an interval in music, it may induce different emotions (Bowling et al., 2010; Curtis & Bharucha, 2010) . The perfect intervals found in Western music are also very commonly found in other cultures and tend to be viewed as the most consonant or pleasing intervals (Burns, 1999) . These intervals have simple ratios of 1:2, 2:3, and 3:4, in order from most common (octave) to least common (perfect fifth followed by perfect fourth). Notes separated by simple ratios have many overlapping harmonics, and thus they can be perceived as a single sound instead of two. Intervals with simple ratios are often identified as consonant, or pleasing. Complex ratios with little harmonic overlap are often identified as dissonant, or displeasing. Consonant sounds tend to blend together as one, whereas dissonant sounds grate against each other. However, consonance and dissonance are assessed differently across cultures and time (Carterette & Kendall, 1999) , thus there is no objective measure of consonance and dissonance. Although some cross-cultural studies have shown core similarities in the perception of consonance across cultures despite some differences (N. D. Cook, 2006; Fritz et al., 2009) , others suggest that the perceptual similarities across cultures may be limited (McDermott, Schultz, Undurraga, & Godoy, 2016) . The issue of consonance and dissonance in music is additionally there are a couple possible interpretations of this data: First, presenting the notes simultaneously means that the animals can compare the fundamental frequencies of tones without needing to rely on auditory memory. Second, the animals are not attending to pitch in isolation but are attending to some other properties of the sound such as timbre, spectral shape (see Patel, in this issue), or some other "Gestalt"-like aspect of the sounds. In humans, identifying individual notes may allow us to identify the vocal part of one individual in a group. In contrast, birds can produce more than one frequency simultaneously with their vocal apparatus, the syrinx (Suthers, 1990) . For avian species it therefore may make sense that they are evaluating the sound as a whole rather than attending to the individual pitches within a chord. In fact, in a follow-up study with humans and chickadees, we found that chickadees did not respond to novel timbres based on the pitch information with which they had been trained (Hoeschele, Cook, Guillette, Hahn, & Sturdy, 2014) . Similar results have also been found in starlings (Bregman, Patel, & Gentner, 2016) .
However, relative pitch can be important in species other than humans in a more biological context than the aforementioned asks. For example, black-capped chickadees have a song that consists of two whistle-like notes that are separated by a relative pitch interval. This relative pitch interval is important to the birds, as it is more accurately produced by dominant males (Christie, Mennill, & Ratcliffe, 2004) . In the field, birds will respond more readily to intervals that mimic the one found in their song. In the lab, when tested for relative pitch abilities with sinewave tones, they did not perform very well (Njegovan & Weisman, 1997) . However, when presented with notes from their own song, and, to a lesser extent, sinewave tones mimicking the relative pitch relationship of these notes, they showed much more rapid acquisition of the task . This is an example that reminds us that how we test animals can greatly affect the results. A similar result was found in European starlings: They also did not do well on traditional laboratory relative pitch tasks but readily recognized transposed versions of their own song (Bregman, Patel, & Gentner, 2012) . However, it is likely that they were not directly using pitch in this task but spectral shape information from which both pitch and timbre are derived (Bregman et al., 2016) .
Grouping and Consonance/Dissonance
Similar to absolute pitch, relative pitch can be evaluated in several ways. In some cases, simply the direction complicated by the fact that timbre also affects spectral structure and thus can influence which sounds are perceived as consonant and dissonant (Kameoka & Kuriyagawa, 1969) . Recent work has shown that humans attend to consonance information to distinguish intervals when presented with a piano timbre but not when presented with sinewaves that lack harmonic information. Instead, when presented with sinewaves, the relative size of the intervals determines their discriminability. Black-capped chickadees, on the contrary, only attended to the relative size of the intervals in all cases (Vilinsky et al., in prep.) .
However, there is evidence that other species attend to consonance and dissonance (see also Toro & CrespoBojorque, in this issue). For example, newly hatched chicks (Gallus gallus) were given the chance to imprint on an object that was correlated with either consonant or dissonant music. The chicks were more likely to imprint on the object that was presented together with consonant music (Chiandetti & Vallortigara, 2011) . A biological attraction to consonant sounds makes sense if you consider that a chick would normally imprint on its mother, which would be producing simple harmonic vocalizations that show similarities to consonant intervals (Bowling & Purves, 2015) . However, a similar study with cotton-top tamarins (Saguinus oedipus) showed no preference for consonant over dissonant intervals (McDermott & Hauser, 2004) . However, it is unclear from this study whether these animals attended the differences between the consonance and dissonant stimuli and simply were uninterested, or whether they did not notice a difference.
In addition, consonance and dissonance can explain the response patterns of both the mammalian and avian species that were trained to discriminate simultaneous pitch intervals. For example, pigeon and chickadee error patterns were similar to the error patterns of human subjects with errors reflecting level of similarity in consonance/dissonance (R. G. Cook & Brooks, 2009; Hoeschele, Cook, Guillette, Brooks, & Sturdy, 2012) . In addition, both Java sparrows (Lonchura oryzivora) and Japanese monkeys (Macaca fuscata) showed generalization to novel chords with similar consonance and dissonance (Izumi, 2000; Watanabe et al., 2005) . However, keep in mind that in a study where timbre was altered, the response patterns of chickadees were quite different than what was observed in humans (Hoeschele et al., 2014) .
To conclude, despite the early evidence that animals pay little attention to relative pitch, relative pitch appears to be used in a variety of contexts at least in some species. Nonhuman animals also appear use relative pitch for perceptual grouping, identifying harmonic information that is similar to natural vocalization, and in other biologically relevant contexts, sometimes even in cases with pure tones where other features of sound are controlled for (e.g., Spierings et al., in press) . It is possible that the humans we can test today tend to be more general relative pitch listeners, perhaps because of their exposure to instrumentation in music. We are used to many different sounding instruments playing melodies that we might originally have only been able to sing, which might strengthen the need to attend to the pitch over timbral information in stimuli. Our large cultural groups today mean that common songs, such as "Happy Birthday," do not have a set starting pitch, making relative pitch even more important for recognizing melodies. Testing for the use of relative pitch with a broad range of stimuli makes it clear that relative pitch perception is not just a human phenomenon. However, these tests are also a reminder that, although evaluating pitch in isolation has been tremendously helpful, context can change immensely what features of stimuli animals evaluate. For humans, relative pitch is highly relevant because we create harmonies not only with our voices but also with instruments that in many ways mimic the harmonic spectra of the voice. Studying animals that also produce signals that coincide with the harmonic series may be the key to understanding the biology underlying our use of relative pitch.
Conclusions
Thoroughly breaking down pitch has led to some interesting general conclusions about how humans compare to other animals. Many other animals do appear to attend to harmonic structure to identify pitch as exemplified by responses to stimuli with missing fundamental frequencies. We can thus say that animals generally do attend to pitch in harmonic signals. We can also be fairly confident in saying that many vocal learning avian species are more accurate at identifying pitch height in a signal, and they do this more readily than identifying relative pitch relationships, especially if the notes are not presented simultaneously. However, animals can pay attention to relative pitch and do so in a variety of more biologically relevant contexts. Similarly, all humans do pay attention to and encode absolute pitch at a surprisingly higher level than is normally thought. Thus, overall we have found that perceiving pitch, both in an absolute and relative manner, is common across VOLUME 12, 2017 special issue animal music perception the animal kingdom, but when and how it is assessed can vary.
While breaking down pitch and determining what it means to humans in order to study it in other animals, it becomes clear how little we actually know about humans directly through empirical testing. Much of what we know about humans and pitch is based on theory and verbal responses. Studying other animals has made it clear that pitch perception in humans is anything but simple. The things we take for granted, such as the perception of the octave relationship, turn out not to be easily shown even in humans.
Conducting comparative studies between humans and other species has made it clear that humans and other animals are perhaps less different than might be expected from music theory. It has made us appreciate some biological differences between humans and other animals, such as the potential importance of differences in vocal range between males and females in human octave perception and the potential relevance of musical instruments in human pitch perception. Pitched musical instruments, tools for which pitch can be altered to perform acoustic displays, have yet to be discovered in other species as far as I know.
Recent work suggests that the perceptual border of pitch and timbre is less clear than has been suggested in the human literature (see also Patel, in this issue). Rather than focusing on pitch in future research, which is defined as a percept, we should focus on features of sound and in what contexts these features are relevant, such as fundamental frequency, ratio of fundamental frequencies, and spectral information as a whole such as spectral shape. This may also change how we view pitch in humans, who may also rarely break down a signal purely into pitch and timbre as is supposed in music theory.
